ABSTRACT Adsorption of amphiphilic peptides to the headgroup region of a lipid bilayer is a common mode of proteinmembrane interactions. Previous studies have shown that adsorption causes membrane thinning. The degree of the thinning depends on the degree of the lateral expansion caused by the peptide adsorption. If this simple molecular mechanism is correct, the degree of lateral expansion and consequently the membrane thinning should depend on the size of the headgroup relative to the cross section of the hydrocarbon chains. Previously we have established the connection between the alamethicin insertion transition and the membrane thinning effect. In this paper we use oriented circular dichroism to study the effect of varying the size of the headgroup, while maintaining a constant cross section of the lipid chains, on the insertion transition. A simple quantitative prediction agrees very well with the experiment.
INTRODUCTION
Membrane active, antibiotic peptides provide simple, welldefined systems for studying peptide-membrane interactions. In particular, alamethicin, a 20-amino acid amphiphilic helical peptide (Pandey et al., 1977) , exhibits two different phases of interaction with membranes (Huang and Wu, 1991) . In the low concentration phase, it adsorbs to the surface of the membrane. In the high concentration phase, the peptide inserts across the membrane, resulting in the formation of pores (He et al., , 1996b . We have proposed that the driving force for this transition is the membrane thinning effect (Huang, 1995) . The membrane thinning effect occurs whenever a peptide is embedded in the lipid headgroups. This is apparently a common mode of interaction for amphiphilic peptides and proteins. To further characterize the membrane thinning effect, we study the effect of varying the size of the lipid headgroup on alamethicin's insertion transition. A quantitative prediction based on the membrane thinning effect is compared with experimental results.
The prime mover of protein-membrane interactions is undoubtedly hydrophobic matching. The energy cost of hydrophobic mismatch is considerable. For example, transferring a hydrophobic protein surface from an aqueous environment to an organic solvent lowers the free energy by -4kBT/nm2 (Chothia, 1974) . That is why amphiphilic peptides have high affinities for lipid bilayers. One common structural motif of membrane active peptides is the a-helix, with hydrophilic residues distributed on one side along the helical axis and hydrophobic residues on the other. For such amphiphilic helical peptides, an obvious hydrophobic matching configuration is for the helix to lie parallel to the bilayer surface, with the hydrophobic side buried in the hydrocarbon region and the hydrophilic side exposed to the polar region of the bilayer. However, this is not the only possible state satisfying hydrophobic matching. At least two nonsurface states have been observed, formed by two different amphiphilic helical peptides. Alamethicin and magainin both form pores in membranes, the former in a barrel-stave fashion and the latter in a toroidal fashion (He et al., , 1996b Ludtke et al., 1996) . In each case the peptide adsorbs on the membrane surface in low concentrations, but above a critical concentration, the pore states appear. The peptides satisfy hydrophobic matching in both the surface state and the pore states. To understand why the peptides change their configurations in membranes, we need to look beyond the principle of hydrophobic matching and study other possible energetics in peptide-membrane interactions.
Alamethicin interaction with diphytanoylphosphatidylcholine (DPhPC) bilayers has been extensively studied by this laboratory. Alamethicin adsorbs on the surface of the DPhPC membrane if the peptide concentration (expressed as the peptide-lipid molar ratio PIL) is less than 1/40. As PIL increases above this critical concentration, an increasing fraction of alamethicin inserts and forms pores in the bilayer, until PIL 2 1/17, when all of the alamethicin forms pores. This range of transition, 1/40 ' PIL ' 1/17, 'is experimentally convenient. We have been able to study both the surface adsorption phase (Wu et al., 1995) and the insertion phase (He et al., , 1996b ) by x-ray and neutron techniques and theoretically explain the transition (He et al., 1996a ). This system is also suitable for investigating the effect of lipid variations. Lipids with the same (3,7,11,15-tetramethylhexadecanoic) we can vary the average size, the average net charge, and other properties (e.g., the extent of hydrogen bonding) of the headgroup in a continuous manner. In this way, we introduce perturbation parameters that can be varied continuously.
Indeed, the idea of mixing lipids to vary their physical properties has been utilized by many investigators. In particular, the effect of PC/PE mixture on the bilayer-to-hexagonal phase transition has been extensively studied (Hui et al., 1981; Kirk and Gruner, 1985; Epand and Bottega, 1988) , and the correlations between the membrane's propensity to form the hexagonal phase and membrane protein activities have been speculated on (Hah et al., 1993; Gruner, 1994) . For example, the conductance states of the single channel induced by alamethicin were found to vary with the mixing ratio of dioleoylphosphatidylethanolamine and dioleoylphosphatidylcholine (Keller et al., 1993) .
Previous investigations have shown that a major contributor to the energetics of alamethicin-membrane interactions is the free energy of membrane deformation. A Hamiltonian consisting of the hydrophobic matching energy (i.e., binding energy) and the membrane deformation energy can explain the phase transition of alamethicin insertion (He et al., 1996a) . In particular, the onset of insertion can be understood as follows. If peptide monomers are embedded in the headgroup region of a lipid bilayer and the bilayer is maintained in the planar configuration, the area of the headgroup region expands. The lipid chains adjust to the lateral expansion by trans-gauche excitations. It is known that the chain volume is essentially conserved in orderdisorder transitions (Nagle and Wilkinson, 1978) . Thus the hydrocarbon region will become thinner if peptides adsorb in the headgroup region. This membrane thinning effect has been measured for alamethicin (Wu et al., 1995; He et al., 1996a) and magainin adsorption . In both cases, the thinning is proportional to the peptide concentration, as expected from the simple mechanism described above. The energy of membrane thinning is proportional to the square of the change in the thickness of the bilayer, so this energy increases quadratically with the peptide concentration. Thus, even though the surface state has a lower free energy relative to the pore state at low peptide concentrations, at high enough peptide concentrations the relative energy levels between these two states are reversed-hence the onset of insertion.
What determines the critical concentration for insertion, (PIL)*? We know that (PIL)* varies a great deal with the lipid composition of the membrane (Huang and Wu, 1991; Wu et al., 1995 (He et al., 1996a) shows that (PIL)* involves many factors, including the elastic properties of the bilayers, the binding energy difference between the surface state and the pore state, the area expansion of the bilayer per peptide adsorbed, and the thickness-matching condition of the bilayer to the inserted peptide. These factors are potentially the basis of lipid specificities. In this paper we will concentrate on the area expansion of the bilayer per peptide adsorbed, which is directly related to the membrane thinning effect. When a small amount of DPhPE is added to pure DPhPC, the average size of the headgroup becomes smaller, whereas the chain cross section remains the same. It is then easier to accommodate the peptide adsorption in the headgroup region. Therefore, one expects that more peptides are needed to create the same thinning effect, and the critical (PIL)* will increase in a predictable way.
MATERIALS AND METHODS
1,2-Diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC) in CHCI3 and 1,2-diphytanoyl-sn-glycero-3-phosphatidylethanolamine (DPhPE) in CHCL3 were purchased from Avanti Polar Lipids (Alabaster, AL). Alamethicin was purchased from Sigma Chemical Co. (St. Louis, MO). It is a mixture of components, principally alamethicin I (85% by high-performance liquid chromatography) and alamethicin II (12%), which differ by one amino acid (Pandey et al., 1977) . CHCl3 with 1% ethanol was purchased from EM Science (Gibbstown, NJ) and was certified 99.99% pure by gas chromatography (GC). 2,2,2-Trifluoroethanol (TFE) was purchased from Sigma Chemical Co. and was certified >99.95% pure, also by GC.
All materials were used without further purification. Small batches (--10 mg) of lipid mixtures were prepared such that the mixtures contained 2%, 5%, or 10% DPhPE (in molar ratio), with the remaining lipid consisting of DPhPC. The lipid mixtures were dissolved in CHCl3 at a concentration of 10 mg/ml. Alamethicin was dissolved in CHCl3 at 1.5 mg/ml.
The sample preparation was similar to the method employed previously by this group . First, a quartz slide was abrasively cleaned with 200 proof ethanol and tissue paper until there were no visible traces of contaminants on the slide. Next the slide was placed in a heated bath of sulfuric/chromic acid for -20 min. Upon removal from the acid bath, the slide was rinsed first with distilled water until there were no visible traces of acid on the slide and then with ethanol. The rinsed slide was placed in an oven (-60°C) until it was dry. The lipid and peptide solutions were deposited on the slide in amounts intended to achieve the desired peptide-to-lipid (PIL) ratio, for a total amount of lipid of 0.25-1.0 mg. The solvent was allowed to evaporate from the slide. Then a small volume (-200 j,l) of 3:1 CHCl3:TFE was deposited on the face of the slide. The particular ratio of the two solvents provides the appropriate surface tension near the end of the evaporation process to ensure a wellaligned sample. The sample was rocked around in a circular fashion to ensure that most of the surface of the slide (-4 cm2) was covered with sample. This rocking motion was continued until most of the solvent had evaporated. The remainder of the solvent was allowed to evaporate to the air. The sample was then placed in a freeze drier under vacuum m Hg) . The alignment of the sample relied on self-assembly of the lipid bilayers on the surface of the substrate. The intent of this process is to force the system to form aligned multilayers. By the clarity and visible texture of the sample, it is possible to determine its uniformity and alignment qualitatively. It is also possible to determine whether the sample is in the La phase by observing a thick sample through crossed polarizers (Huang and Olah, 1987) . Ultimately the quality of the samples can be determined by studying the CD spectra measured for the presence of artifacts such as birefringence or attenuation (Wu et al., 1990) . Results showing such artifacts were discarded. The measurement for each peptide-to-lipid ratio was repeated at least once with a different sample to ensure that the results seen were reproducible.
The temperature of the sample was controlled by a feedback loop driven by the output of a solid-state temperature probe (AD 590K) from Omega Engineering (Stamford, CT). The hydration of the sample was controlled 240 Biophysical Journal by allowing the sample to come to equilibrium with the air in a small, sealed chamber connected to a temperature-controlled water bath. The relative humidity of the air varies in response to the temperature of the water bath. The temperature of the water bath is controlled by the feedback loop such that the relative humidity in the chamber approaches the desired level. The humidity sensor is an EMD-2000 from Phys-Chem Scientific Corp. (New York, NY). The sensor is a solid-state device, the impedance of which varies in a nonlinear fashion with the relative humidity of the air that the sensor is exposed to, with a small temperature dependence. The probe was mounted on the same surface that the sample was mounted on to ensure that the probe and the sample were experiencing the same conditions. This system provided a stable relative humidity to within 1%. The temperature of the sample was stable to within ±0.1°C. The humidity sensor has an absolute accuracy of ±2%, and the temperature has an absolute accuracy of ±2°C maximum.
Circular dichroism of the oriented sample was measured with light incident normal to the substrate surface (Wu et al., 1990) . Data were collected on a Jasco J-500A spectropolarimeter. The temperature and relative humidity of the sample as well as the data collection were controlled by a PC. Each sample was put through a humidity cycle containing 15 settings, ranging from -74% to -96%. The temperature used for the samples was 26.8 ± 0.5°C. The time to measure the sample at each humidity setting was -1 h. Four sets of five scan averages were collected for each humidity setting. The first three sets usually exhibited changes with time as the sample came to equilibrium with the new relative humidity setting. The fourth set of scans was used in the analysis of the data.
The analysis of the data was similar to that employed previously in this group (Huang and Wu, 1991) . Two basis spectra were obtained, one corresponding to the helical axis parallel to the incident light and another the helical axis perpendicular to the incident light (Wu et al., 1990) . The spectra collected were decomposed as a linear combination of the two basis spectra to obtain the percentage of alamethicin oriented normal to the aligned multilayers. Several different peptide-to-lipid ratios, ranging from PIL = 1/40 to 1/13, were measured for DPhPC samples containing 0%, 2%, 5%, and 10% molar fractions of DPhPE.
RESULTS
The inset graph in Fig. 1 shows a series of OCD spectra collected at various relative humidities for PIL = 1/17 in 98% PC/2% PE. Such series are collected for all of the peptide concentrations and lipid compositions presented in this paper. In general, the series reflect an increasing fraction of the peptide oriented perpendicular to the membrane as the humidity increases (Huang and Wu, 1991) . Each sample composition has a well-defined pattern of hydration dependence. Although our main interests are the data near full hydration, it is useful and in fact essential to collect the hydration series. First, we demanded the reproducibility of the whole series for each sample composition. Second, because it is very difficult to achieve 100% relative humidity, it is important to examine the hydration dependence near the full hydration. Third, the PIL and humidity dependence gives rise to a phase diagram (see Fig. 2 below) . Fig. 1 shows the spectra for the peptide-to-lipid ratio P/L = 1/17 at low relative humidities and high relative humidities. Four different sets of spectra are shown for different fractions of DPhPE, ranging from 0% to 10%. In the three cases of PC/PE mixtures, the low-humidity spectra correspond to cases in which most of the alamethicin is oriented parallel to the bilayers. The low-humidity spectrum of pure PC shows a nonzero lever of insertion. At high and DPhPC/DPhPE (9:1), all at the peptide-to-lipid molar ratio PIL = 1/17.
Two spectra were shown for each sample, one in high relative humidities (-95% RH) and one in low relative humidities (-75% RH). Three low-humidity spectra in the PC/PE mixtures converge to one (at the bottom), which represents aL-helices lying parallel to the plane of the bilayers. The high-humidity spectrum of alamethicin in pure DPhPC (top spectrum) represents a-helices oriented perpendicular to the plane of the bilayers, as analyzed by Wu et al. (1990) . The low-humidity spectrum in pure DPhPC and the high-humidity spectra in PE-containing bilayers are linear combination of the parallel and perpendicular spectra. When the humidities are above 95%, the perpendicular component decreases with increasing fraction of PE. The inset shows an example (PIL = 1/17 in 2% PE) of hydration series measured for each sample.
humidities, alamethicin inserts completely into pure DPhPC bilayers. However, in PC/PE mixtures, the spectra are between the inserted spectrum and the parallel (to the bilayer) spectrum. There is a clear, consistent pattern of decreasing insertion for increasing amounts of DPhPE. (Incidentally, the entirely perpendicular spectrum in one case and the entirely parallel spectra in the three others indicate that the samples are well-aligned multilayers in all four cases.) The noise level in the spectra is typical of all of the data collected. It is due in part to the small amount of sample used, which is required to measure the samples down to as low a wavelength as possible. This noise could be averaged out, but the time required to collect the data for the entire humidity run would be greatly increased, to the point of making the experiment difficult. Fig. 3 shows the maximum level of insertion (i.e., the level of insertion near the full hydration) attained for the various lipid mixtures used as a function of peptide concentration. These curves show more clearly how the inclusion of DPhPE in the bilayers affects the system near the full hydration. In the case of pure DPhPC bilayers, the maximum level of insertion levels off at total insertion near PIL = 1/17. In the case of PE containing systems, total insertion is not obtained at the concentrations measured. Higher peptide concentrations are not reported on in this paper, because of the difficulty of producing well-aligned samples.
DISCUSSION
The onset of insertion transition (i.e., the CCI) is defined by Each CD spectrum was fit with a linear combination of two basis spectra, one for alamethicin completely inserted and one for alamethicin entirely parallel to the membrane (Wu et al., 1990) . We mapped out the extent of insertion in the relative humidity-peptide concentration phase diagrams, shown in Fig. 2 , for alamethicin in pure DPhPC and 90% PC/10% PE multilayers. There are clear differences between the two phase diagrams. The pure DPhPC phase diagram shows three different regions corresponding to ranges of concentration and relative humidity where the peptides are on the surface of the bilayer, inserted across the bilayer, or in a mixture of the two states, which we call the coexistence region. In contrast, the phase diagram for the 10% DPhPE system has only two of the regions, namely the coexistence region and the purely surface state region; there is no totally inserted state in the range of concentrations and hydrations shown. From the phase diagrams, we can see that there is a critical concentration for insertion (CCI), below which all peptides remain on the surface of the (£A/AO)* is equal to F(P/L)*/Ao.
We now consider how this critical condition changes with the addition of PE. To do so we need to estimate the cross sections of the lipid chains and the headgroups. In our previous paper (Wu et al., 1995) , the cross section of DPhPC in the La phase was estimated to be 76 A2. This was based on an estimated volume of the lipid and the smallest D spacing obtained in our x-ray experiment. The assumption was that under that condition there are three water molecules associated with each lipid molecule. This number of water molecules could have been underestimated; hence the estimate 76 A may be the lower limit. Another way of estimating the lipid cross section is to consider the chains only. The volume of two phytanoyl chains is estimated to be 1194 A3 by adding the volume of 8 CH3 (8 X 48.8 A3) to the volume of two dipalmitoyl chains (804 A3) (Wiener et al., 1989) . Hydrated DPhPC in the La phase has a head-tohead distance (defined by the peaks of the electron density profile) of -38 A (Wu et al., 1995) . From the crystal structure of dimyristoylphosphatidylcholine (Pearson and Pascher, 1979; Hauser et al., 1981) , we estimate the distance from the phosphate to the midpoint between the two carbonyl groups to be -5 A. Thus the hydrocarbon chain thickness is -14 A, and the lipid cross section is -85 A2.
Because the phosphate-to-carbonyl distance is likely to be shorter in the L, phase than in the crystal, 85 A2 is probably the upper limit. For the following numerical analysis, we use A0 80 A2 to represent the DPhPC cross section.
In the absence of peptides, the PC headgroup and its associated water must also occupy an area AO 80 A2. The experimental result £4A F(P/L) (Wu et al., 1995) suggests that, in this case, the area expansion equals the area of the added peptides. This implies that the peptide adsorption does not alter the area occupied by the PC headgroup and its associated water. We will call this the extended PC headgroup, which has a cross section Epc 80 A2. We assume that the size of the extended PE headgroup is proportional to the volume of PE:
Cross section of the extended PE headgroup aPE (volume of PE volume of PCI C The volume of phosphorylcholine has been estimated to be 204 A3 (Small, 1986) . From the crystal structures, the difference between the volumes of PC and PE headgroups was estimated to be 100 A3 (Small, 1986) . Thus Fig. 3 ) quite well. Equation 1 can be rewritten as (L)+ P)PC r )P
The numerical uncertainties are confined in the ratio (pc -YPE)/r. A 25% error in the estimate of this ratio will cause only a 10% error in (PIL) * when 0 = 0.1. So the uncertainties in the sizes of the extended headgroups are not very critical to the above comparison with experiment. The most important idea is that the critical concentration for insertion should increase with 0. This has been clearly demonstrated by our data. The mode of action in alamethicin's role as an antibacterial peptide is the formation of pores in the membrane leading to the leakage of the cell's contents and, subsequently, cytolysis. This work provides direct evidence that the specific physical characteristics of the lipids making up the bilayer, such as the average area of the lipid headgroup versus the average lipid cross section, are important factors in determining whether alamethicin at a given concentration will perform its antibacterial function. Host-defense anti-bacterial peptides such as magainins and cecropins discovered in frog skin (Zasloff, 1987) and in insects (Hultmark et al., 1980) , respectively, function in much the same way as alamethicin, by directly attacking the cellular membrane. Each of these peptides displays a cellular specificity manifested in different threshold concentrations for lysing different varieties of cells (Jen et al., 1987; Juretic et al., 1989; Steiner et al., 1988) . Magainin and cecropin are effective antibacterials at the concentrations secreted, respectively, onto the surface of the frog skin and in the insect hemolymph . However, their concentrations have to increase by 100-1000 times before magainin and cecropin lyse eukaryotic cells. Cellular membranes, although not as simple as a lipid bilayer, do possess specific lipid makeups for different species (Quinn and Chapman, 1980) . Here we show one mechanism whereby different lipid compositions of the cellular membrane can account for some of the varying levels of effectiveness that antibacterial peptides exhibit against different types of cells.
